Local heat release rate is one of the most concerned parameters in the combustion processes. However, this parameter is hard to be measured directly in the experiments. Therefore local heat release rate indicators have been sought and evaluated, and many works focus on the study in the gaseous laminar or turbulent premixed flames. The motivation of this work is to explore and validate heat release rate indicators for auto-igniting n-heptane droplets. To this end, direct numerical simulation (DNS) is performed with a detailed chemical reacting mechanism. Results show that the product of mass fractions of OH and CH 2 O is a proper indicator when the local auto-ignition prevails and the temperature rises quickly. The elementary reactions involved are analyzed, which shed light on the construction and performance of heat release rate indicators. Some new definitions of the indicators are proposed and evaluated. The proportional relationship between the indicator and the actual local heat release rate is determined. The heat release associated with different combustion regimes are distinguished, which reveals the dominant role of premixed flames in the droplets auto-ignition processes. Currently, most of the reported HRIs are for gaseous laminar and turbulent premixed flames. Their validity and performance in the two-phase combustion or in higher hydrocarbons flames need be evaluated. More importantly, the mechanism of what makes it a proper HRI or how to find a good HRI has not been investigated systematically. The quantitative relationship between the indicator and the actual local heat release rate is not yet determined in the turbulent studies. This paper aims to make a contribution to the above issues by numerical simulation. Direct numerical simulation (DNS) is performed to study the HRIs for the auto-igniting n-heptane droplets distributed in the hot vitiated flow.
Introduction
The local heat release rate is an important parameter in combustion process and is deeply concerned by the combustion researchers. For example, in the study of the auto-ignition phenomenon, present of reacting kernels containing some free radicals like CH 2 O (HCHO) is recognized (Aggarwal 1998; Mastorakos 2009; Jenny et al. 2012) . Heat release rate in these kernel structures was emphasized to shed light on the ignition mechanism (Gordon et al. 2009 ). Meanwhile, the local heat release rate is also of vital significance in many industrial applications. However, this parameter is difficult to be measured directly in experiments. The experimental researchers made use of the concentrations of specific species as the heat release rate indicator (HRI) to represent the magnitude of heat release rate. Some examples of reported HRIs are OH or CH radical chemiluminescence (Kathrotia et al. 2009 ), product of mass fraction of OH and CH 2 O Dworkin et al. 2009 ) and product of mass fractions of OH and CO (Rehm and Paul 2000; Frank et al. 2002; Amantini et al. 2007 ).
The product of OH and CH 2 O by simultaneous LIF images was firstly reported by Paul and Najm (1998) as a good indicator for laminar flames. It was also adopted in the study of the lean premixed turbulent flames (Balachandran et al. 2005) . By comparing the product of OH and CH 2 O with the OH chemiluminescence, Ayoola et al. (2006) found that the former HRI can further be used to study the effect of strain rates on the local heat release. This kind of indicator is inspired by the flame-front indicator in premixed flames and shows some consistency with the elementary reactions (CH 2 O + OH <=> HCO + H 2 O and CO + OH <=> CO 2 + H). Its validity in the laminar flames and gaseous premixed flames is extensively evaluated (Rehm and Paul 2000; Frank et al. 2002; Fayoux et al. 2005; Amantini et al. 2007 ). The proposed HRIs have been used in many turbulent studies. For example, Gordon et al. (2009) 
Computational Methods

Gas phase conservation equations
As to the gas-phase, the mass equation, the Navier-Stokes equations, the species equations and the energy equation in the incompressible case are as follows
Unity Lewis number is adopted in the simulation. The chemical source terms i w in the species equations are calculated by integration of the detailed chemistry mechanism using the DVODE solver. In present study a chemical reacting mechanism (Liu et al. 2004 ) with 44 species 112 element reactions is adopted and all the 44 species transport equations are solved. The local heat release rate due to the chemical reactions is calculated by 
Liquid phase conservation equations
Interior motions and rotation of the droplets, droplet-droplet interaction and coalescence are all neglected since present simulation focuses on the dilute spray. DNS here implies a complete resolution of the gas phase on scales equal to and larger than the Kolmogorov length scales and timescale. While for the liquid phase, the spatial scale is too small to reach in present DNS, and the use of numerical models is inevitable. The droplets are tracked in the Lagrangian framework, and the governing equations for an individual spherically symmetric droplet are 
Phase coupling terms
The source terms in Eqs.
(1-4) due to liquid droplets are:
where V  is the Euler control volume in which the droplet locates, n is the number of droplets within the control volume, and  means the summation of all the droplet in one Euler control volume.
Computational setup
Equations (1-4) are solved using a finite difference scheme and the SIMPLE algorithm is used to deal with the pressure-velocity coupling. The momentum equations are discretized using an eighth-order energy conserving scheme while the scalar equations are discretized using the 3rd WENO scheme to ensure the boundness of the scalars. Temporal discretization is implemented using the second-order semi-implicit Crank-Nicolson scheme. The discretized equations are solved using Newton-Raphson iteration. The periodic boundary condition is adopted in three directions.
In the liquid phase, the discretized Eqs. (6-9) are advanced temporally using the second-order Runge-Kutta scheme, and the time step of liquid phase is determined as follows: The computational domain is a periodic box (as shown in Fig.1 ) with the homogeneous isotropic turbulence (HIT), and the n-heptane droplets are randomly distributed along three directions. The side length is 5 mm while a uniform 128 3 grid is used to discretize the domain. This grid scale is in the same order as DNS in References (Borghesi et al. 2013; Wang et al. 2012; Schroll et al. 2009; Wang et al. 2014 ) and the Kolmogorov scale (shown in 
where α=1.45276 is the Kolmogorov constant, k total turbulence kinetic energy, k  the Kolmogorov wave number.
The parameter A background fluctuating velocity field with an R.M.S. of 3 m/s is prescribed. Instead of hot air with high pressure as the oxidizer (Borghesi et al. 2013; Mittal et al. 2012; Kitano et al. 2013) in internal combustion engines, hot products of lean premixed hydrogen/air combustion at ordinary pressure (1 atm) are selected as the oxidizer here Masri 2011, 2012) . Main species in this oxidizer are N 2 /H 2 O/O 2 (0.73:0.15:0.12 by volume). The initial gaseous temperature is 1300K and initial droplets temperature is 300K. The overall equivalence ratio retains at φ=1.0 with initially all fuel in the liquid phase. Two cases are taken into consideration with different initial droplets diameter as shown in Table 1 . The initial diameter is 20μm in C1 case and 12μm in C2 case. The initial diameter is in the same magnitude with the droplets SMD diameter (40μm) in the experiment (O'Loughlin, 2012) in which the droplets are achieved from an ultrasonic generator (Sonotek). The initial diameter is a little larger than that in the reference (Wang et al. 2014 ). In present work, initial diameter smaller than 8μm leads to the fact that the liquid fuel has all evaporated before the ignition prevails. In this situation, the case is very close to the gaseous ignition and is not focused on by present paper. On the other hand, the initial diameter can not be set too large since in this situation the interior motions, rotation of the droplets and other interactions can not be neglected. The initial gaseous turbulent Reynolds number are configured according to the requirement of calculation resources. If the initial turbulent Reynolds number is larger, the current mesh should be refined to make the grid scale reach the Kolmogorov scale. As shown in Table 1 , the grid scale x  =39 μm is smaller than the Kolmogorov scale  . The comparison of the grid scale with the instantaneous flame structures shows that current mesh is able to capture the fine structures in this combustion field. The time step is dynamically adjusted to ensure CFL=0.5 and the typical value of the time step is 0.3μs. 
Results and Discussion
Transient auto-ignition process
Evolution of the combustion field is briefly shown in this section to clarify the features of this auto-ignition. The volume averaged temperature and the volume averaged heat release rate (HRavg) in the two cases are displayed in Fig.  2a and Fig.2b . Evolution of the averaged parameters can be divided into three stages roughly. At the early stage, the temperature decreases slightly due to the liquid evaporation and the volume averaged heat release rate remains negligible. The temperature starts rising fast due to the ignition of the evaporated fuel from about 0.25ms in C1 case (or 0.18ms in C2 case). Some features of this 'temperature rising' stage can be visualized by the scatter plots of temperature against mixture fraction or its scalar dissipation rate in Fig. 3 . It is obvious that auto-ignition occurs at the very lean side with small mixture fraction value and is associated with low scalar dissipation rate as Schroll et al. (2009) . The volume averaged heat release rate also rises quickly at this stage and reaches the maximum value at 0.42ms in C1 case (or 0.32ms in C2 case). After this stage the temperature increases slowly indicating the fully development of this flame. The last stage can be called 'fully development' stage and is separated with the 'temperature rising' stage at about 0.5ms in C1 case (or 0.45ms in C2 case). The volume averaged heat release rate goes on declining in this stage. Meanwhile, the comparison of Fig.2a and Fig.2b shows the effect of the droplets diameter on the auto-ignition. The case with smaller droplets ignites earlier, about 0.07~0.1ms in present work. In addition, the final gaseous temperature and the maximum HRavg is higher in C2 case which is related to the faster droplets evaporation at the early stage. The following instantaneous analysis is mainly based on the C1 case. displayed for simplicity. It is obvious that [OH] alone is not suitable to be applied as a HRI and it is the same for [CH] which is not displayed. The drawback of [HCO] as a HRI is that its mass fraction is too small and the signal to noise ratio is low. In the high heat release region, the major species and the corresponding mass fractions are list in Table 2 responsible for the HCO production are emphasized Paul and Najm 1998) . In these studies, the reaction CH 2 O+OH<=>HCO+H 2 O is found playing an important role in the HCO production.
Analysis of the elementary reactions and evaluation of different HRIs
[OH]x[CH 2 O] is proportional to rate of this elementary reaction and is regarded as able to estimate [HCO] . In present work, this mechanism is evaluated. The contribution of elementary reactions responsible for the HCO production are calculated. The instantaneous data in the high heat release region at 0.36ms in C1 case is set as the sample. Results show that the reaction CH 2 O+OH<=>HCO+H 2 O accounts for 35.6% HCO production while the reaction C 2 H 3 +O 2 =>CH 2 O+HCO 29.6%.
The contribution of the rest of the reactions are small. The second reaction also effects the HCO production much. The results indicate that this mechanism is able to explain the performance of [OH] x[CH 2 O] to some extent. In order to make the mechanism more clear, the contributions of elementary reactions to the heat release rate and the characteristics of the distribution of each species are analyzed. as an indicator. The R6 reaction is also re-examined and studied in the methane-air and multi component fuel-air mixture based on the elementary reactions analysis in (Nikolaou et al. 2014 ) and the performance in the multi component fuel flame is emphasized. Inspired by the above idea, the study also proposes new multiple-kind HRIs based on the major species mentioned in Table 2 . In this situation, two species in Table 2 Table 4 . In Fig.5 , the plots in the top row are similar to each other and those in the bottom row are similar to each other. Meanwhile, note that one plot in the top row is almost complementary to the plot in the down stream and the boundary of the block regions in these plots are consistent with the high heat release region. The new HRIs in Table 4 can be achieved in this way: select one species appeared in the top row of Fig.5 and then select one from the bottom row, the production of these two species mass fractions can be defined as a HRI. Since the instantaneous contour comparison with the local HR indicates that these new HRIs perform well, one can deduce that the mechanism making [OH]x[CH 2 O] a good HRI is also closely related to the complementary distribution of OH and CH 2 O. The high [OH] region and the high [CH 2 O] region are just separated by the high heat release region. This characteristics of the distribution is believed to be caused by the reacting mechanism of hydrocarbon fuels and the hydrodynamics. OH often appears in the ignition kernel before the flame front while CH 2 O almost not. And after the flame front, the situation is just the opposite. This has been observed and described in reference (Prasad et al. 2013) . The comparison of the various HRIs is shown in the next section. Not to mention that HRI-1 and HRI-2 are related to reactions R6 and R5. Figure 6 shows the instantaneous contour plots of the local heat release rate from the elementary reactions R5, R6, N1 and N2. Note that each subplot in this figure has the own legend and the magnitude of the local heat release rate in two subplots may be very different. In this sense, this figure just focuses on the shape of the heat release rate distribution. The similarity of Fig.6a and Fig.4c , Fig.6b and Fig.4b indicates the important role of the elementary reaction on the HRI. Although the heat release proportions of elementary reactions N1 and N2 are not that large (around 2.9% and 0.9%), the corresponding HRI performs well. This emphasizes the importance of the complementary distribution. To evaluate the validity of the various HRIs, the coefficient of determination (R 2 ) is firstly induced. The R 2 presents the goodness of fit between the observed values and the modeled one. The R 2 value is not larger than 1.0. The better the modeled values fit the actual values, the closer of the R 2 value to 1. [HCO] also performs not bad. To evaluate the performance of HRIs at the whole temperature rising stage, the correlation coefficients (C) between the indicators and the actual local HR are present. Fig. 2c and Fig. 2d shows the evolution of two correlation coefficients: 
Quantitative relations between HRIs and HR
Note that the high correlation coefficients in Fig.2 and Fig.7 Performances of these two HRIs in the three stages of the auto-ignition process is compared. Figure 8 shows the scatter plots of the two indicators against the local HR. Line fitting of the scatter points is also displayed in each subplot. In this figure, three times 0.12ms, 0.36ms and 0.58ms are selected which each falls into three stages. It is obvious that the relationship between the indicator and the local HR is not clear at 0.12ms. Figure 8a shows that the scatter points can be roughly divided into two branches: one branch with negative HR and negligible species mass fractions, the other with positive HR and indicator. The global fitting line can not capture the feature of both two branches at the same time. The local HR at present time is about two or three orders smaller in magnitude than that in the 'temperature rising' stage, and in fact it is difficult to measure such small signals in the experiments. In this sense, the disordered relationship at this stage does not influence much. To quantitatively study the linear relationship during ignition, Figure 9 shows the comparison of all the fitting lines in the time range of 0.16ms~0.45ms. The fitting line is in the form of y sx dis  (28) where s and dis are the slope and intercept, respectively. Fitting lines corresponding to each 0.01ms data are drawn as fine solid line in this figure, while the global fitting line in this time range is drawn as the thick solid line. As shown in Fig. 9a all the fitting curves basically pass through the origin point, indicating the validity of the proportional relationship at the whole time range. Note that the change of the slopes of the fitting lines is limited into a small interval. Figure 9b Figure 10 shows all the scatter data and corresponding global fitting line in the time range of 0.16ms~0.45ms. It is obvious that the proportional line is able to describe the main features of the whole temperature rising stage to some extent. In order to describe the change of the slopes of all fitting lines in this period, Figure 11 shows the evolution of the slopes. The dotted line in this figure shows the slope value of the global fitting line. This complex profile is believed to be related to the local equivalence ratio and contributes to the change of the slope. This is to be analyzed in the future work. In order to study the turbulence effect on the indicators, Figure 12 gives the R 2 profiles against the scalar dissipation rate χ at 0.27ms and 0.36ms in C1 case. The R 2 values are calculated based on the [OH]x[CH 2 O] data and the local HR conditioned on the specific χ. The scalar dissipation rate of the mixture fraction is strongly affected by the strain rate and the turbulent intensity. In the flamelet models, the scalar dissipation rate can represent the turbulent effect on the laminar flames to some extent. In this sense, the performance of the indicators against χ is able to reflect the turbulent effect. In Fig.12 , the R 2 values under various χ are all close to 1 and the change with χ is small, which indicates that the indicator may perform well under various turbulent intensities. The direct way to study the dependency of the indicators on the turbulence is to simulate a series of cases with different turbulent intensity, which is the aim of the future work. Fig. 12 The R 2 profiles against the scalar dissipation rate at 0.27ms and 0.36ms in C1 case.
Heat release associated with different combustion regimes
To clarify the effect of the combustion regimes, the flame index FI is introduced here. The value of the flame index is calculated by multiplying the spatial gradients of the fuel and oxidizer mass fractions as: where Y f and Yo are the mass fractions of the fuel and oxidizer respectively. The flame index is often applied to distinguish the premixed and non-premixed flame regimes, indicated by the positive and negative values. Baba and Kurose (2008) , Fujita et al. (2013) , and Kitano et al. (2013) adopted this flame index to study the combustion of the liquid fuel and illustrated the relative contribution of different combustion regimes. Figure 13 displays the contour plot of the local HR and the FI=0 isoline. In this figure many block areas exist and the inside parts are corresponding to the non-premixed flames while outside the premixed flames. It is obvious that high HR values basically locate in the premixed flames regions. Heat release is very intense in the premixed regions. This states that the premixed flames play an important role in the early stage of the auto-ignition of liquid fuel, which is consistent with the study of Luo et al. (2011) . Figure 14b shows the data conditioned on premixed flame regions while Fig. 14c gives that on non-premixed flame regions. As shown in Fig. 13, Fig. 14b and 14c , the value of the local HR is higher in the premixed flame regions. At the same time, all three fitting lines pass through the origin point and the proportional relationship is basically satisfied. Detail information of these fitting lines can be found in Table 5 . It is easy to find that the premixed flame regions perform more like the whole flame field. All three correlation coefficients are larger than 0.8, indicating the validity of the emphasized proportional relationship. 
Conclusions
This paper explores the heat release indicators, which is quite useful in experimental research, with the direct numerical simulation. The auto-ignition of liquid n-heptane droplets is calculated with a detailed reacting mechanism. The species transport equations are all directly solved so that the local heat release rate and mass fractions of the key O, which has a large portion of heat release and plays an important role in the HCO production. And it is also attributed to the large concentrations of each species and the complementary distribution of OH and CH 2 O. These features offers the criteria or guidelines for the HRI selection. Under the guidance of the above analysis, some new HRIs are proposed, which are also proved to have a not bad performance.
3) The proposed proportional relationship is verified in different combustion regimes, i.e. the premixed and non-premixed regions, with a slight different in the quantitative proportional coefficient. The combustion heat is mainly produced in the premixed flame region.
